ABSTRACT High ambient temperature is a major factor for diminishing reproductive performance of broiler parent stocks. Homozygous naked neck (NaNa) broilers, which possess a higher adaptation to heat due to a reduction of feather coverage, exhibited higher growth rates and meat yield. This study was conducted to investigate the influence of genotype × temperature interactions on the reproduction traits of heavy broiler dams caused by different feathering genotypes induced by naked neck gene (Na). In an additional experiment, the effect of Na gene on embryonic activity using oxygen uptake was examined. Normal-feathered (nana) and NaNa hens were maintained in separate cages under high (30°C) and moderate (19°C) temperatures, with RH of 55% from the 18th to 72nd week of age. Egg production, fertility, hatchability, and the time of embryonic mortality were recorded. In comparison with the NaNa genotype, the nana hens showed clear performance depressions under thermal stress with respect to egg production (63%), fertility (20%), hatchability, and number of chicks (72%). Under temperate ambient temperature, there were no differences in laying performance and fertility between both genotypes, with the exception of hatchability due to an increase in embryonic mortality as a result of the Na gene and consequently in the complex trait number of chicks. The early embryonic mortality of eggs laid by nana hens exposed to heat stress is clearly higher than of eggs by nana hens kept under temperate ambient temperature. In contrast, there were no significant differences in early embryonic mortality of eggs of NaNa birds kept under high and temperate environmental temperatures, demonstrating that heat stress leads to reduced early embryonic livability. Embryonic mortality in the late developing stage is significantly increased, and the homozygous genotype is much more affected than the heterozygous embryo. The possible reason for the Na gene-induced embryonic mortality is still not clear. In this investigation, it is shown that the phenomenon cannot be explained by the oxygen consumption.
INTRODUCTION
In the past 3 decades, there has been a remarkable increase of chicken meat production of up to 300% (Windhorst, 2006; FAO, 2007) . However, differentiated by region, this dramatic increase in meat production over time was very imbalanced. Although countries in Asia and South America were able to increase their shares of global chicken meat production considerably, European and North American countries lost market shares during the last 3 decades. Thus, the center of poultry meat production shifted from Europe and North and Central America to South and East Asia; this is a trend likely to continue. Most of these countries are located in tropical and subtropical regions with extremely hot conditions in the summer season or the entire year. Due to this dynamic growth in poultry production in hot countries, an intensive immigration of high-yielding genotypes, commonly developed in temperate countries, has taken place over the last decades. Breeder stock in tropical regions is commonly based on this genetic material. High ambient temperature is a major factor for diminishing reproductive performance of laying stock and broiler meat yield and quality. Under suboptimal environmental conditions, the use of stocks that were bred in temperate countries results in a reduced efficiency of poultry production (Settar et al., 1999) , especially if control of ambient temperature in poultry houses is insufficient. In the last few decades, substantial genetic progress has been made in broiler growth and feed efficiency (McKay et al., 2000; Havenstein et al., 2003) , resulting in broiler lines with higher potential for growth rate, but being more sensitive to suboptimal ambient temperature, particularly to heat (Deeb and Cahaner, 2002) . The interactions between genotype and environment for egg production traits in laying populations or for growth and feed efficiency in broilers have been intensively investigated in a series of experiments (Yalçin et al., 1997; Cahaner, 1999, 2001; Settar et al., 1999) . Regarding the reproductive performance of broiler breeder dams, Singh (1999) showed very clearly the effect of a hot seasonal condition on the reproductive ability of broiler dams under a commercial production system. Compared with flocks never exposed to the hot season, hens that were old when they entered the hot season produced 11% fewer chicks, and hens that were young at the onset of the hot season produced 25% fewer chicks. The deleterious effect of the hot season was due to reduced hatchability and laying activity for young hens and due to reduced hatchability for old hens. Depressions in important characteristics such as survival rate, laying activity, and quality of hatching eggs as a result of the influence of hot temperatures affect the profitability of the poultry industry in hot climates. In chicken breeding for tropical environments, a useful strategy could be to create breeding stock carrying major genes for better heat tolerance. Particular major genes such as the frizzled plumage (F), naked neck (Na), and sex-linked slow-feathering (K) gene have been identified to have positive effects on heat tolerance (Horst, 1998; Lin et al., 2006) .
The Na allele reduces feather coverage by up to 40%, resulting in a relative heat tolerance. The higher productive adaptability of naked neck fowl (NaNa, Nana) under high ambient temperature, postembryonic vitality, and high carcass performance was demonstrated in several studies (Merat, 1990; Cahaner et al., 1993; Yalçin et al., 1997) . The naked neck broilers, which possess a higher adaptation to heat due to a reduction of feather coverage, exhibited higher growth rates and meat yields, not only under extreme heat stress but also under temperate ambient conditions (Deeb and Cahaner, 2001 ). The commercial use of the Na allele is limited due to high embryonic mortality caused by these genes, particularly in the homozygous genotype of the embryo (Horst, 1982; Merat, 1990) . The reason for the Na allele-induced embryonic mortality is still not clear. Embryonic malposition, perhaps due to fewer feathers on the neck allowing the head to assume faulty positions (Merat, 1990) , or metabolic disorders (E. Decuypere, Department of Biosystems, Catholic University Leuven, Belgium; personal communication) have been held responsible for higher embryonic mortality in naked neck embryos. Therefore, to ascertain the source of embryonic death induced by the Na allele, special investigations are necessary. Very little information is available about the effect of high ambient temperature on reproductive performance of broiler breeder dams carrying the naked neck gene.
The aim of this study was to analyze the magnitude of genotype × environment interactions on reproductive traits in heavy naked neck and normally feathered broiler breeder dams under different ambient temperatures as well as to determine the effect of the naked neck gene on time of embryonic death and embryonic metabolic activity using measurement of embryonic oxygen uptake of different embryo genotypes.
MATERIALS AND METHODS

Stock and Husbandry
A heavy experimental broiler sire line based on a commercial strain (Lohmann meat) with genetic disposition for high growth performance, which was a carrier of the major gene for naked neck, was used. The birds were kept in special rearing cages (1 × 0.7 m; 0.6 m high) from hatch up to the 20th week. During the first week, the birds were exposed to weak light for 24 h a day. After that, during the rearing period as well as the laying period, the birds were kept under a 12-h light program, which corresponds to the natural conditions in the tropics.
During the rearing and the laying period, the hens were kept under a restricted standard feeding program with commercial diets. Eighty homozygous naked neck (NaNa) and 80 normal-feathered (nana) hens were chosen and housed equally in separate cages under high and moderate temperatures, 30 and approximately 19°C, respectively, with RH of 55 to 56% (temperate) and 45% (hot) from the 20th week to the 72nd week. All birds were provided ad libitum access to water. Additionally, 24 sires of nana and NaNa genotypes were kept under moderate ambient temperature and used for semen collection.
Measurements
Body weight of hens was recorded at 8 different time points (between 20 and 72 wk of age). Egg production was recorded daily over a 52-wk period. For the analysis of fertility and hatchability, eggs were taken from the 30th to 50th and from the 54th to 72nd week of life. The number of chicks was recorded over 24 wk of laying. The hens were artificially inseminated weekly with 0.4 mL of mixed and diluted semen of 24 sires of nana and NaNa genotypes. Normal-feathered females were crossed with normal-feathered and homozygous naked neck males (nana × nana; nana × NaNa) and naked neck females with normal-feathered and homozygous naked neck males (NaNa × nana; NaNa × NaNa) to obtain embryos of all 3 genotypes. The eggs were collected 3 times a day and incubated after a maximum storage time of 10 d at a storage temperature of 13°C and RH of 70%. The eggs that were cracked or mis-shapen were removed. Eggs that did not show a livable embryo at candling on the 7th and 18th day of incubation as well as eggs that had not hatched were broken out and examined macroscopically to assess the true fertility and to estimate the time of embryonic death by using the method according to Hamburger and Hamilton (1951) .
The embryonic mortality for different time periods of embryonic development was considered as follows, described by Beaumont et al. (1997) . Early embryonic mortality (EEM) occurred during the first week of incubation, middle embryonic mortality (MEM) occurred after the first week of incubation and before transfer of the eggs into the hatcher, and late embryonic mortality (LEM) occurred between the 18th day of incubation to hatching.
A total of 232 hatching eggs with different embryonic genotypes (57 nana; 74 Nana; 101 NaNa) were used for measuring embryonic oxygen consumption. From the 14th to the 21st day of incubation, the embryonic oxygen consumption was recorded by putting hatching eggs into 4 double-wall incubation chambers with circulating warm water. The change of oxygen concentration in the incubation chamber was measured using a platinum-silver electrode system, as described by Hiller (1994) and Gauly et al. (2001) .
Statistical Analyses
Egg production, chick production, and BW data were analyzed by GLM ANOVA using the GLM procedure of SAS System 8.1 (SAS Institute, 2000) according to the following models:
where y is the dependent variable; µ is the general mean; AT is the main effect of ambient temperature (warm, temperate); GD is the main effect of dam genotype (NaNa, nana); GS is the main effect of sire genotype (NaNa, nana); AT i × GD j , AT i × GS k , GD j × GS k , and AT i × GD j × GS k are the interactions between the main effects; and e ijkl is random error. The genotype of sires was not considered in the model for analyzing of egg production and weight data because it could not affect the egg production and weight of hens. For analysis of chick number in addition to genotype of dam and ambient temperature, the genotype of sire as well as 2-and 3-way interactions were included in the model. Statistical analysis of fertility and hatchability data was carried out by application of a linear logistic model with a binary response variable, which is modeled as a binomial random variable (y i ). The data were then analyzed with the GLIMMIX macro (Littell et al., 1999) using the following generalized linear model: where π rst is the probability of fertility or probability of hatchability for fertile eggs, ϕ is the overall mean effect, α r is the fixed effect of environment (warm, temperate), β s is the fixed effect of genotype of sire (NaNa, nana), τ t is the fixed effect of genotype of dam (NaNa, nana), and αβ rs , ατ rt , βτ st , and αβτ rst are the fixed effects of interactions. Embryonic mortality data were analyzed using the same statistical model as described above for fertility data, where π rst is the probability of EEM for a fertile egg, probability of MEM for a fertile egg that survives early embryonic development, or probability of LEM for a fertile egg that survives early and middle embryonic development; ϕ is the overall mean effect; α r is the fixed effect of genotype of sire (NaNa, nana); β s is the fixed effect of genotype of dam (NaNa, nana); τ t is the fixed effect of environment (warm, temperate); and αβ rs , ατ rt , βτ st , and αβτ rst are the fixed effects of interactions.
Because the brooding eggs, which are laid by the same hens, are correlated in their traits, or can be considered as repeated measurements, the modeling of serial correlations is necessary. A detailed description of modeling such serial correlations is given in Littell et al. (1999) . The covariance matrix structure for repeated measurement for this data was fitted by using the Akaike information criterion. Model parameters were estimated by restricted maximum likelihood. The Wald F-statistics were used to determine the significance of fixed effects on embryonic mortality (type III sums of squares test).
Least squares means were estimated on the logit scale and then back-transformed using the inverse link function p
to the original scale (probability) applying the LSMEANS statement. Significant differences between least squares means were tested using a t-test procedure by inclusion of the PDIFF option in the LSMEANS statement. Standard errors of least squares means were calculated as described by Littell et al. (1999) .
The oxygen uptake data were analyzed by the MIXED procedure of SAS (SAS 8.01, SAS Institute, 2000) with the following model:
where y ijklmn is the oxygen consumption; µ is the general mean; E i is the fixed effect of genotype of embryo (levels: NaNa, Nana, nana); H j is the fixed effect of hatch (levels: hatched, nonhatched); D k is the fixed effect of day of incubation (levels: 14,…,19 d); I l is the fixed effect of incubation chamber (l = 1,…, 4); b is the linear regression coefficient of oxygen consumption on time between measurements within 1 d; EH ij , ED ik , HD ik , and EHD ijk are the fixed effects of interactions; C m is the random effect of hens; and e ijklmn is random error.
A similar linear model was used for the analysis of oxygen uptake at day of hatch with fixed effect of genotype of embryo (levels: NaNa, Nana, nana), fixed effect of hatch (levels: hatched, nonhatched), fixed effect of external pipping (levels: pipped, nonpipped), fixed effect of incubation chamber, linear regression coefficient of oxygen consumption on time between measurements in a day, and interactions between main effects.
Hens' mortality data were analyzed by a weighted least squares linear model with fixed effect of ambient temperature, genotype of dam, and their interactions using the CATMOD procedure of SAS system 8.1 (SAS Institute, 2000) .
RESULTS
The effect of environment temperature on weight gain of different genotypes is shown in Figure 1 . Comparison of weight gain of both hen genotypes under temperate environment temperature reveals that the normalfeathered hens are almost always superior to naked neck hens. The superiority of the nana hens increases with age, so that the difference in weight is greatest at the end of the laying period. At this time, the normally feathered hens are 12% heavier than the naked neck birds. Under high ambient temperatures, the interaction leads to a crossing over of the weight development lines of both genotypes. Although the normally feathered hens (nana) are heavier than the naked neck hens (NaNa) during the first 40 wk of life, the reverse is true after the 56th week of age. Under temperate environmental conditions, naked neck hens show a lower rate of weight increase during the laying period. Table 1 summarizes least squares means and the significance of explanatory variables on egg production, fertility, EEM, MEM, LEM, hatchability, and number of produced chicks. For fertility, hatchability, and chick number, no significant interactions were found between ambient temperature × sire genotype, between sire genotype × dam genotype, and between ambient temperature × sire genotype × dam genotype. However, significant interactions between dam genotype (NaNa, nana) and ambient temperatures were observed in egg production, fertility, and hatchability as components of reproductive performance and, consequently, in the complex trait number of chicks.
Compare with naked neck hens, there was a distinct reduction of egg production of normal-feathered hens under permanent thermal pressure (56 vs. 152 eggs). In contrast, under temperate ambient temperature, there were no differences between the 2 genotypes (141 vs. 141 eggs). The considerably higher egg production in the hot environment of naked neck birds and the lack of any differences between both genotypes in temperate ambient temperature resulted in highly significant interaction between dam genotype and temperature. The strong depressive effect of hot environment on egg production of hens of nana genotype housed is partly based on this trait, implying heat-induced hen mortality (Table 2) . However, the analysis of egg number of survivor hens showed a similar strong negative effect of heat stress on laying activity. Under hot ambient temperature, the rate of laying of nana hens was 20.7% and for NaNa hens was 42.4%. Under temperate ambient temperatures, the values for nana hens were 39.5% and for NaNa hens were 39.2%.
Comparison of fertility of eggs laid by both hen genotypes under temperate environment temperature reveals that there is no significant difference in fertility (81.1 vs.76.6%). The hot ambient temperature, however, caused a significant reduction of fertility of eggs laid by nana hens when compared with NaNa hens (nana = 65.3% vs. NaNa = 82.2%) and also if compared within the normal-feathered genotype kept under temperate conditions.
The introduction of the naked neck gene for producing heterozygous naked neck chicks independent of which sexes the Na gene originated from results in a significant reduction of hatchability of almost 8%. This causes a significant main effect of genotype of dam and of genotype of sire.
Comparing the hatchability of homozygous naked neck embryos with normal-feathered embryos produced from hens kept under temperate ambient temperature, so that the negative effect of high temperature is not present any more, it becomes evident that homozygous naked neck embryos have less than 22% lower hatching success (78.8 vs. 56.4%). Although there was not a significant interaction between sire genotype and dam genotype (P < 0.1538), it seems that 2 copies of the Na allele being present at this locus leads to an increase of deleterious effects of the naked neck gene on hatchability above the additive effect of both alleles. According to the effect of maternal heat stress on hatchability, there is a distinct reduction of hatching success of eggs from nana hens maintained in the hot environment when compared with hatching eggs from the same genotype kept under temperate conditions (58.2 vs. 77.2%). On the other hand, the hatchability of eggs laid by naked neck birds under both environments did not differ significantly and was a distinctively lower value compared with hatching success of eggs from the nana genotype that were not heat-stressed. This means, due to an increase in embryonic mortality supposedly as a result of the naked neck gene, the NaNa hens are inferior to the normal hens under temperate ambient temperature. However, under high ambient temperature, there was no significant difference for hatchability between the genotype of hens (nana vs. NaNa), indicating that a reduced feather cover decreases the negative effect of high ambient temperature on hatchability, an effect that works in opposition to the higher embryonic mortality caused by the naked neck gene (see below). Seen from this point of view, the hatchability of eggs Table 1 . Least squares means, SE, and level of significance for egg number of hens housed, fertility (%), EEM (%), MEM (%), LEM (%), hatchability (%), and chick number of dams kept under high and temperate ambient temperature for the effect of temperature 2 Egg production of hens housed in a 52-wk period. 3 Of survivor hens in a 52-wk period. 4 Number of eggs set: n = 9,879. Eggs were taken from the 30th to 50th and from the 54th to 72nd week of life. 5 Back-transformed least squares means. 6 Of fertile eggs, number of eggs: n = 8,231. Eggs were taken from the 30th to 50th and from the 54th to 72nd week of life. 7 Recorded over the first 24 wk of laying. 8 High ambient temperature = 30°C; temperate ambient temperature = 19°C.
laid by naked neck dams under heat stress mated with normally feathered sires is even higher than the hatchability of eggs laid by normally feathered parents (66.3 vs. 60.4%; 3-way interaction). Finally, as expected, the heat stress leads to a distinct reduction of chick production of normal-feathered birds, resulting in significant main effects of dam genotype, ambient temperature, as well as in a highly significant genotype of female × temperature interaction. Thus, under heat stress, the number of produced chicks of normal-feathered hens compared with the same genotype under temperate condition was reduced by about 80% (38.4 vs. 8.0). The same is true if one looks at means derived from 3-way interaction (38.5 vs. 9.7). In contrast, there was no significant effect of temperature on produced chicks of naked neck hens (29.0 vs. 28.7). The comparison of chick production of NaNa hens with nana hens under hot conditions showed that the naked neck gene resulted in distinct improved reproductive performance under chronic heat stress. Under temperate conditions, however, the use of the Na gene leads to reduced reproductive performance due to an increase of embryonic mortality caused by the naked neck gene, as mentioned above in respect to the hatching rate. The interpretation of the effect of sire genotype on chick number per housed dam is partly restricted and specific to the experiment due to the effect of nonlaying hens and mortality of hens, particularly if kept under hot conditions. Table 1 illustrates the effect of explanatory variables on embryonic mortality for different time periods of embryonic development. Neither the genotype of sire nor the genotype of dams as main factor have a significant effect on EEM. However, a highly significant interaction was found between the genotype of hens and ambient temperature. The EEM of eggs laid by nana hens exposed to heat stress is clearly higher than that of eggs by nana hens kept under temperate ambient temperature (22.6 vs. 8.6%). In contrast, there were no significant differences in EEM of eggs of naked neck birds kept under high and temperate environmental temperatures (13.8 vs. 13.6%). However, the EEM was somewhat higher for NaNa dams than for nana dams that were not heat-stressed. A detailed analysis of data presented in Figure 2 revealed that the third day of incubation is the most critical time for embryonic survival of embryos obtained from heat-stressed nana birds. For MEM, there was only a significant effect of environmental temperature on embryonic development, but no significant effect of dam or sire genotype was detected. There was no significant interaction between genotype of dam or sire and temperature.
For late embryonic survival, neither the direct effect of temperature nor the interaction between tempera- EFFECT OF NAKED NECK GENE AND AMBIENT TEMPERATURE ture and other main effects was found to be significant, indicating that the deleterious effect of high temperature on hatchability occurs mainly during early embryonic development. However, the late embryonic livability was highly affected by genotype of sire and dam and their interaction. The LEM of heterozygous naked neck embryos was significantly higher than the one in normally feathered embryos, irrespectively from which sexes the Na allele originated (8.7 vs. 12.5%, 12.1%). The double-dose effect on NaNa embryos caused an elevation of embryonic mortality of about 25.5%. Because naked neck embryos show a higher mortality during late embryonic development, one may suppose that the introduction of the naked neck gene in a population may lead to an increased demand for oxygen by the embryos during this phase, in turn leading to a reduction of embryonic livability. The influence of different genotypes on the oxygen demand of the embryos was investigated by measurement of oxygen consumption by different genotypes between the 14th and 21st day of incubation. Table 3 shows the results of the analysis of the influencing factors on embryonic metabolism included in the model. As expected, the influence of the incubation day (14th to 19th) on the oxygen consumption of the embryos is highly significant. Embryonic oxygen consumption increases significantly between the 14th and 16th day of incubation (Figure 3) and stays more or less constant, due to the limited diffusion through the eggshell, between the 16th and 19th day (plateau phase).
An effect of the embryo genotype on oxygen consumption could not be detected, neither as a main effect nor in interaction with the factors hatchability and day of examination. There is no significant difference between the average (14th to 19th day of incubation) or of daily oxygen consumption between the 3 genotypes investigated. An influence of the genotype could thus not be proven for hatchable and not for liveable embryos.
The same holds for the individual days of incubation because no significant interactions could be shown to exist between the 3 main factors. On the other hand, the main factor hatchability is highly significant. The embryonic metabolism of eggs not bringing forth hatchable and liveable chicks is significantly reduced as compared with eggs bringing forth liveable chicks. Hatchable embryos consume an average of 20% more oxygen over the whole range of incubation days (Figure 3) . The significance of the influencing factors on the embryonic oxygen consumption at hatching time (20th-21st day) is shown in Table 3 . An influence of the genotype on the embryonic metabolism could not be shown for the day of hatch, supporting the findings for the period between the 16th and 19th day of incubation. External pipping cancels the limiting effect of the eggshell on the diffusion of respiratory gases and thus leads to a significant increase in embryonic metabolism amounting to about 30%. But because there is no significant relationship between the main factors genotype and external pipping, there is no significantly increased rate of metabolism in naked neck embryos either, even when given free access to atmospheric oxygen. On the other side, embryos that are not hatchable show a reduced metabolism on the day of hatch (Figures 3 and 4) . Figure 4 illustrates the oxygen consumption of embryos, which were still alive until day of hatch. Again, the embryonic metabolism of eggs not bringing forth patchable and liveable chicks is reduced as compared with eggs bringing forth liveable chicks.
DISCUSSION
The nana hens of heavy broiler dams react to high ambient temperatures by showing a considerable depression in laying performance-the reduction of performance due to heat stress seeming to be markedly greater than in laying hens of lower body sizes (Horst and Petersen, 1979; Rauen 1985; von Haaren-Kiso et al., 1994) under similar permanent heat stress (32°C). On the other hand, the introduction of the naked neck gene distinctly negates the heat-induced reduction in performance. In contrast to the results reported by Rauen (1985) , which show not only a significant reduction of performance due to heat stress in normally feathered hens but also in heterozygote naked neck hens, this study shows that the homozygote naked neck hens are even superior under warm ambient conditions compared with the same genotype under a controlled environment. This is caused by the enhanced adaptational ability and the lesser basic energy requirements of the homozygote naked neck hens at warm locations.
The strong depressive effect of hot environments on egg production of hens housed is partly based on this trait, implying heat-induced hen mortality. However, the analysis of egg number of surviving hens exhibited a similar strong negative effect of heat stress on laying activity, caused by reduction of feed consumption to minimize internal heat generation. A reduction of feed consumption is part of the adaptive response to heat stress that helps animals to survive. However, animals exposed to heat stress for long periods of time show a higher degree of adaptation by developing different physiological and behavioral changes.
A recently conducted research work on dwarf brown layers under temperate environmental conditions in France and subtropical conditions in Taiwan shows that there was no significant effect of the naked neck genotype on laying traits or interaction with environment. The authors suggest that naturally cycling temperature is not so stressful for dwarf laying hens (Chen et al., 2009) .
Under heat stress, the enhancement of convective heat dissipation using the naked neck gene significantly increases fertility. This is in agreement with the results of Merat et al. (1989 Merat et al. ( , 1991 and Bordas et al. (1993) , who showed an improvement of fertility under tempera- EFFECT OF NAKED NECK GENE AND AMBIENT TEMPERATURE ture stress in homozygote as well as heterozygote naked neck hens compared with normally feathered birds. Under temperate ambient temperatures, there was also a nonsignificant superiority of NaNa hens of 4.8%. Bordas et al. (1993) found an increase in the rate of fertilization in naked neck birds (NaNa × NaNa) under temperate conditions. Ladjali et al. (1995) attributed the slightly increased declared infertility in normal-feathered hens to an increase of very early embryonic abnormities.
High ambient temperatures lead to a reduction of the fertility of hens and of the hatchability under experimental as well as under commercial conditions (El Jack and de Reviers, 1979; Merat et al., 1989; Hsia, 1990; Mennicken, 1995; Singh, 1999) . Other studies show no or only slight detrimental effects on fertility of hens by high ambient temperatures (Muiruri and Harrison, 1991; McDaniel et al., 1995) .
The reason for diminishing hen fertility under high ambient temperature is still not fully understood. The high ambient temperature reduces the sperm penetration of the outer perivitelline layer, which could be caused by a reduction of sperm storage in the oviductal tubules. In general, under natural mating condition and high heat exposure of both sexes, a distinct reduction in fertility is expected, which could be caused by the following factors: reduced spermatogenesis, fewer sperm deposited at copulation, faulty sperm transfer to the uterovaginal sperm storage tubules, abnormal interactions of sperm and the sperm storage tubules, impaired sperm transfer to the site of fertilization in infundibulums, as well as faulty binding to and penetration of the perivetelline layer and delayed or faulty fertilization. Furthermore, the high ambient temperature could lead to abnormal embryogenesis because of heat-induced chromosome damages (Singh, 1999) .
In regard to hatchability, thermal stress of hens leads to reduced hatching success in normally feathered hens, and it shows no effect on restrictively feathered hens. The additional negative effect of the naked neck gene on embryonic survivability especially in heterozygote embryos is insignificant compared with the effects of heatinduced stress on the hatchability of normal-feathered birds. Comparison of the hatching results of eggs laid by NaNa sires × nana dams and nana sires × NaNa dams shows clearly (56.0 vs. 66.3%, means driven from 3-way interaction) that the increase in convective heat dissipation in the hens caused by the naked neck gene leads to an improvement of hatchability. Merat et al. (1989 Merat et al. ( , 1991 and Bordas et al. (1993) came to similar positive results when studying the same mating scheme under heat stress.
The result of embryonic survival time showed that heat stress leads to EEM. Several factors affecting embryonic livability in this stage of embryonic development such as genetics, age of hens, time of oviposition, egg weight, and quality as well as body temperature are described and summarized by Christensen (2001) . Some of these factors are associated with stage of embryonic development at oviposition, which may lead to a suboptimal precondition for embryonic survival during storage and incubation. Exposing laying hens to heat stress results in a general retardation of laying activity (Petersen and Horst, 1978) , reduction of clutch size, increase of time interval between 2 ovipositioned eggs, laying of more eggs in the afternoon, and impairment of egg and shell quality (Ahvar, 1979; Sauveur and Picard, 1987) , which might influence the developmental stage at oviposition and embryonic livability (Christensen, 2001) . Lower shell thickness leads to higher eggshell conductions during storage and incubation and consequently to higher embryonic mortality (Romanoff, 1972; Roque and Soares, 1994) . McDaniel et al. (1979 McDaniel et al. ( , 1981 reported a significant deteriorative effect of low shell quality as measured by specific gravity on early embryonic livability. Additionally, the bodies of heat-stressed hens show elevated body temperature (McDaniel et al., 1995) , which may lead to a higher production of abnormal embryos, although Ladjali et al. (1995) found no significant effect of heat stress on female gametogenesis or early cell division. They postulated that the decrease of hatchability under high ambient temperature is rather due to an altered metabolism during embryonic development that could result from a change in the biochemical composition of the egg suffering from heat stress. Table 1 illustrates the impairing effect of the Na gene on late embryonic survival ability and the consequently reduced hatchability particularly in the presence of 2 copies of this gene. This result is in general agreement with those of Merat (1986 Merat ( , 1990 , who reported a diminishing effect of the Na allele on hatchability without giving details about the quantity of LEM caused by this gene. Gonzalez et al. (1990) found no differences between the 3 genotypes of embryos in the proportion of pipped eggs of all nonhatched eggs, indicating that the Na allele could not affect the mechanism involved in external pipping. Gonzalez et al. (1990) assumed that the high rate of mortality of naked neck embryos may be attributable to an increasing effect of the Na allele on egg weight and on eggshell thickness. A strong argument against this hypothesis is that the extent of embryonic mortality caused by the Na allele is independent of the parent from which the Na allele originated and so this is not subject to maternal effects. Furthermore, in this study, there was no significant difference between the weight of eggs laid by normal feathered and by naked neck hens under temperate conditions (nana = 61.1 g vs. NaNa = 61.7 g). Regarding eggshell quality, a systematic influence of the Na allele on eggshell quality could not be proven (Rauen, 1985; von Haaren-Kiso et al., 1994) . However, comparative investigations on eggshell conduction during incubation may help to rule out this possibility. Sharifi et al. (2006) examined the effect of the Na gene on incidence of overall malposition for 1,396 late dead embryos. There were no significant effects of genotype of sire or of genotype of dam as well as their interaction on frequency of malpositioned embryos, indicat-ing that traits associated with the presence of the Na allele such as reduction of feathering on the neck, which was postulated by Merat (1990) , or an increase of egg weight do not result in a higher incidence of malposition irrespective of the genotype of the embryo or from which parent the gene originated.
The most critical period for embryonic survival is the late phase of embryonic development, with the peak of embryonic mortality at about d 19 of incubation (Romanoff, 1972; Jassim et al., 1996) . The LEM coincides with the period in which the demand for oxygen increases significantly and with a series of physiological events such as initiation of pulmonary ventilation, external pipping, and hatch from the shell. The embryonic oxygen uptake during the first half of incubation is minimal; later it becomes exponential, and then it reaches a plateau for about 3 d just before the stage of internal pipping (Rahn, 1981) . During the plateau stage, the embryos experience hypoxia and hypercapnia due to limitation of eggshell and membranes for gas exchange. The plateau stage is followed by the paranatal stage, which is characterized by penetration of the peak in the air cell (internal piping) and the onset of pulmonary respiration, external pipping, and hatching. The paranatal stage may also be affected by residual effects of the plateau in oxygen uptake. During the late embryonic development, anaerobic glycogenolysis is a major source of energy (Beattie, 1964; Freeman, 1965; Christensen and Donaldson, 1992) . At oviposition, glycogen is hardly present in the egg. During embryonic development, it is synthesized through gluconeogenesis and stored in the liver, heart, and skeletal muscles. The glycogen content of the heart and liver is significantly reduced in the time between internal pipping and external pipping (Beattie, 1964; Freeman, 1965) . The thyroid hormones play an essential role in the synthesis of glycogen, in the hepatic glycogenesis, and in the accumulation of glycogen in tissues with reduced gluconeogenesis (Christensen et al., 1996) . An artificial reduction of the permeability of the eggshell causing a higher grade of hypoxia leads to a reduction of glycogen content in the liver, heart, and skeletal muscles and a marked increase in LEM (Beattie, 1964; Tazawa et al., 1992) . According to Beattie (1964) , Christensen and Donaldson (1992) , and Christensen et al. (1993 Christensen et al. ( , 1997 , the glycogen stores of the heart at the beginning of the period of hypoxia and, respectively, a retarded growth of the embryonic heart during the period of hypoxia may limit the livability of the embryo during this critical period of embryonic development.
In agreement with the results of experiments carried out by Hiller (1994) , our own analysis of the oxygen metabolism has shown a marked reduction of metabolism in nonhatchable embryos (14th to 21st day of incubation) as opposed to hatched chicks (Figures 3 and 4) . The oxygen metabolism before and during the period of hypoxia and after external pipping has to be taken into account when looking at the role carbohydrates play in the anaerobic metabolism.
Looking at the embryonic metabolism of all 3 feather genotypes shows that there is no significant difference in oxygen consumption and thus in the oxygen metabolism of the 3 genotypes in regard to hatchable and nonlivable embryos. These results are in agreement with the outcome of analysis of the effect of the Na gene on embryonic heat production carried out by Sharifi et al. (2006) . The nonhatchable embryos showed a highly significantly reduced development of temperature as compared with the hatchable embryos, regardless of their embryonic genotype. There was no difference between the embryonic development of temperature between nonhatchable embryos of the naked neck type and the normally feathered ones. Thus, a possible influence of the naked neck gene on the anaerobic metabolism could not be assumed because no differences in the embryonic temperature are detectable, which is an indicator of the total embryonic metabolism. Embryonic hypothermia specifically caused by the naked neck gene could not be proven and could thus not be a possible cause for a higher embryonic mortality induced by the Na gene. However, further investigations into the metabolic physiology of naked neck embryos are necessary to identify the effects of the naked neck gene on the embryonic metabolism in regard to the embryonic livability.
The metabolism and the enzymatic activity of the musculus complexus increase continually until the day of hatching, a process that uses glycogen as its main source of energy. Accordingly, the content of glycogen in the cells is very much reduced as the time of hatching approaches. During this time, the activity of enzymes involved in the glycogen metabolism is relatively higher than the activity of oxygen-related enzymes (Hagen, 1992) .
Further research is needed to determine whether the naked neck gene has an effect on the physiology and the histologic structure or on the process of hypertrophia of the musculus complexus, which is important for the act of hatching. Possible influences on muscular, metabolic, hormone, and enzymatic activity also need to be inspected, taking into consideration that the cutane district located above the muscle is affected by the reduced feathering caused by the naked neck gene.
Conclusion
Under high temperatures, the use of the naked neck gene (NaNa) in homozygous form results in a distinct improvement of reproduction traits, except for hatchability. Due to an increase in embryonic mortality as a result of the naked neck gene, the naked neck hens are inferior to the normal hens under temperate ambient temperature. However, under high ambient temperature, there was no significant difference for hatchability between the genotype of hens (nana vs. NaNa), indicating that a reduced feather cover reduces the negative effect of high ambient temperature on hatchability, an effect that works in opposition to the higher embryonic mortality caused by the Na gene. Under temperate con-ditions, differences in the components of reproduction were not significant between both dam genotypes; an exception was found only in hatchability and, consequently, in the complex trait number of chicks.
Results of this study suggest that significant interactions between genotype and environment on reproductive traits can be expected by the use of high-performance broiler stock under suboptimal hot environmental conditions that result in large economic losses. Moreover, this negative effect will be pronounced, taking into consideration that due to the increase in genetic potential for rapid growth, the current commercial broilers have become more sensitive to hot environments. This emphasizes the need for breeding programs for improving performance under suboptimal conditions, especially exploiting available major genes like the naked neck gene with positive effects on improved productive ability.
Thus, identifying the physiological basis of embryonic mortality caused by the naked neck gene is important for future production and breeding strategies. To further this, special research is necessary to solve the problem of embryonic mortality caused by the naked neck gene.
